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Available online 18 August 2016Conformational dynamics plays a key role inmediating speciﬁc interactions between RNAs and proteins. Flexible
parts, such as the loop regions, are often involved in protein binding. Characterization of the factors that inﬂuence
the ﬂexibility of loop regionswill improve our understanding of RNA-protein binding. Herewe usemolecular dy-
namics simulations to study the dynamical features of the apical stem-loop of hepatitis B virus and amutant,with
two consensus-based secondary structure mutations (A-U→ C-G) in the stem region. The mutations reduce the
dynamics of the system and inﬂuence the hairpin conformations. The simulations show that inducing rigidity in
the stem affects the loop conformational ﬂexibility: the loop residues become less mobile and less accessible to
the solvent, and thus less accessible to a possible targeting protein.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).Keywords:
Apical stem loop
Loop ﬂexibility
Order parameter
Molecular dynamics simulation
Hepatitis B virus
RNA. This is an open access article under1. Introduction
Conformational dynamics plays an important role in the function of
ribonucleic acids (RNA). [1–2] Dynamics accompanies and drives RNA
co-transcriptional folding, ligand sensing and signaling, and site-speciﬁc
catalysis in ribozymes. Flexible parts, such as the loop regions, are oftenthe CC BY license (http://creativecommons.org/licenses/by/4.0/).
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systems [3–4]. The ﬂexibility of the loopmay directly affect the speciﬁc-
ity and afﬁnity of the RNA binding. Understanding what regulates the
ﬂexibility of the bulge and loop regions of RNA systems is a step toward
a better understanding of RNA-protein binding.
One of the factors that can inﬂuence RNA ﬂexibility may be the se-
quence. In particular, we aim to understand what will be the effect of
a compensatory change of bases, for example an A-U base pair changes
to a C-G base pair. Mutating an A-U base pair into a C-G base pair (com-
pensatory mutation) will preserve the secondary structure of an RNA
helix, but what about the local dynamics? To assess this question we
will look at the fast dynamics of a virus RNA hairpin and its mutant
using molecular dynamics simulation. We choose the RNA apical
stem-loop of duck hepatitis B virus for this study, since both structural
and dynamical experimental information are available for the wild
type [5].
Hepatitis B virus (HBV) [6] is the most common cause of liver infec-
tion in the world, infecting mammalian as well as avian hosts. HBV
replicates via reverse transcription of an RNA intermediate. After
transcription of the viral DNA by the host RNA polymerase II, the
pregenomic RNA (pgRNA) is transported into the cytoplasm encapsu-
lated into immature core particles together with HBV reverse transcrip-
tase (P protein). The encapsidation is the key step in the viral replication
and is triggered by the binding of the P protein to the apical stem-loop
(ASL) of the encapsidation signal, epsilon (a conserved ca. 60-nt bulged
RNA fragment located at the 5′-end of the pgRNA) (Fig. 1A). ASL-reverse
transcriptase binding triggers the molecular events that lead to the re-
verse transcription of the pgRNA and ﬁnally full length DNA is synthe-
sized [7–8].
The apical stem-loop is a highly conserved and crucial structural el-
ement essential for the replication of hepatitis B-virus of both genera
Orthohepadnavirus (host: mammals) and Avihepadnavirus (host:
avian) of the family Hepadnaviridae. While the secondary and tertiary
structures of the ASLs are very similar in different hosts [5,9–11], the
function in viral replication is modulated via different mechanisms in
different species [12]. In duck, the loop of duck ASL is essential for re-
verse transcriptase binding [13]. Experimental studies [12–13] reported
that mutating nucleotide U15 of the loop region abolishes the protein
binding. Another important feature for reverse transcriptase binding is(A) (B
Fig. 1. Secondary structures of duck epsilon signal and the corresponding apical stem-loop (ASL
encapsidation signal epsilon (HBV-ε). Secondary structure representations of wild type ASLs of
magenta colour. In the secondary structures, single line (−) refers to Watson-Crick base pair, ﬁbase pair opening of the middle region of the stem. Stabilization of the
Watson-Crick base pairing in the midsection of the stem abolishes or
greatly weakens the binding. Mutation studies in duck ASL involving
theunpaired bulgednucleotideU (U25A) showed no effect on the direct
binding, and led to speculation that the bulged residue U25 in duck is
dispensable for reverse transcriptase binding [12]. No structure of the
ASL-reverse transcriptase complex of any host has been reported in ex-
periment yet.
Here we use molecular dynamics (MD) simulation and classical
force ﬁelds to investigate the dynamics of wild-type 29-nt duck apical
stem-loop (Fig. 1B). The duck apical-stem loop has two helical stems,
which are separated by an unpaired bulge residue U25. The bulged res-
idue induces a bend between the two helices. The stem is capped by a
tetra loop (U13-G14-U15-U16). Molecular simulations together with
an atomistic description of the molecular system provide a microscopic
description of both the structure and dynamics of the RNA systems. We
aim to understand how the stabilization in the stem region will affect
the ﬂexibility and dynamical features of the RNA stem-loop system. To
achieve that, we look at compensatory mutations that do not alter the
secondary structure (AU base pair changes to CG base pair) at positions
3–27 and 6–23 in the stem of the duck ASL (Fig. 1C)We have simulated
the wild type and the mutant ASLs in explicit solvent under the same
conditions, and used sugar and base C-H order parameters to validate
fast dynamics of the wild type against available experimental data and
compare wild type and mutant fast dynamics. No experimental data
are available for the mutant. Thus we use data from the human ASL
[14] (duck mutant and human ASL share the same stem sequence see
Fig. 1) to validate stem dynamics of the mutant as reported in the dis-
cussion. Finally, we discuss the simulation results in the context of the
RNA loop dynamics and protein binding.
2. Methods
2.1. Molecular dynamics (MD) simulations
The RNA hairpins were simulated in water solutions. As a starting
structure for wild type ASLs, we used the NMR model #1 and model
#9 (PDB ID: 2k5z) [5]. The two models mainly differ in the position of
the ﬂipped out residues, U15 and U25, as shown in Fig. 2B. To build) (C) (D)
) of duck and human of hepatitis B-virus. (A) Secondary structure of duck hepatitis B-virus
(B) duck, (C) mutated duck and (D) human. The mutated base pairs in duck are shown in
lled circle (•) to wobble base pairs and cross (x) to other non-canonical base pairs.
(C)
(A)
(D)
(B)
Fig. 2. Three-dimensional representation of the apical stem-loop. Cartoon representation
of (A) NMR structures (10 models; PDB ID 2K5Z) [5]; (B) NMR structures used as
starting structure for the molecular simulations (model #1 in red and model #9 in
cyan). Residues U15 and U25 are represented with sticks. (C) Simulation snapshots from
MD simulations of wild type, (18 structures collected every 10 ns). Residues U15 and
U25 in magenta (D) Simulation snapshots from MD simulations of the mutant, (18
structures collected every 10 ns). Residues U15 and U25 are in magenta.
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position 6–23 in both model #1 and model #9 of wild type.
All the MD simulations were performed with program CHARMM36
[15–16]. The CHARMM36 force ﬁeld [17–19] was used to describe the
RNA structures and sodium ions. The RNA system was solvated in a
rhombic dodecahedron box with face-to-face distance of 68 Å ﬁlled
with pre-equilibrated TIP3Pwatermolecules [20]. To neutralize the sys-
tem, Na+ ions were placed randomly in the simulation box.
The van der Waals interaction energies and forces were smoothly
shifted to zero at 12 Å using the atom-based shift method [21]. Long-
range electrostatics was treated with the particle mesh Ewald method
(PME) [22–23]. The SHAKE [24] algorithmwas applied to ﬁx all covalent
bonds containing a hydrogen atom. The MD simulations were
performed under periodic boundary conditions. A leap-frog algorithm
with a time step of 2 fs was used. Constant pressure (1 atm) was main-
tained using the Langevin piston method [25] with piston mass
400 amu, collision frequency 20 ps−1. The average temperature of the
system is checked every 2 ps and was found to remain within ±5 K of298 K after the heating MD run. After energy minimization and
equilibration, 100 ns of MD simulation were performed.
A detailed description of the simulation protocol and of the structur-
al analysis can be found in Supplementary data.
2.2. NMR dynamical parameters
The information on the internal motions contained in the NMR re-
laxation rate can be described by the generalized order parameter, S2,
which is a measure of the degree of spatial restriction of the motion
and an effective correlation time, τe.
From the MD data, the value S2 is estimated by [26].
S2 ¼ lim
t→∞
C tð Þ ¼ 4π
5
∑
m¼2
m¼−2
Y2m θ; ϕð Þh i2 ð1Þ
where C(t) is the correlation function of the C-H bondvector, Y2m are the
spherical harmonic functions of rank 2, θ and ϕ are the polar angles de-
ﬁning the orientation of the dipole C-H vector at each snapshot of the
trajectory, and 〈…〉 denotes the average over all the snapshots. We cal-
culate the generalized order parameter, S2, from10nswindows. The ap-
proach of usingwindows of time length comparable with themolecular
tumbling (8.9 ns in this case [5]), and calculating the order parameters
as an average over the windows was previously validated for a similar
RNA systems [27].
3. Results
3.1. Duck wild type ASL
The apical stem-loop (29-nt) of epsilon of duck hepatitis B-virus con-
tains two helices separated by the bulged nucleotide U25 and capped by
the tetra loop U13-G14-U15-U16, which is closed by the base pair C12-
G17 (Fig. 1B). Fig. 2 shows the three dimensional structures of the ASL
loop obtained by NMR at 15 °C and by molecular dynamics simulations
at 25 °C. From visual inspection of 18 overlaid structures fromMD sim-
ulation (obtained by picking a structure every 10 ns) (Fig. 2C) and 10
NMR structures (Fig. 2A), it was ascertained that the backbone of the
simulated structure acquired similar conformations as the experimental
structures; the conformation of the loop regions and the end residues
show more variability in the simulated structures. The ribose C1′–C1′
distances for the base paired residues in the stem region of the simulat-
ed structures vary between 9.95 and 11.27 Å, with an average value of
10.60 Å, a value comparable to the C1′-C1′ distance observed for Wat-
son-Crick base pairs in RNA helical structures (10.70–10.80 Å) [28–29].
The hydrogen bond pattern between the bases most of the time fol-
lows the pattern observed in the NMR experiments at a lower temper-
ature, but with a slightly higher variation. Bases in Watson-Crick base
pairs are hydrogen bonded with their partner at least 80% of the simu-
lation time (70% for A6-U23); bases forming wobble base pair 40% of
the time. During the simulation the hydrogen bonds break and re-
form, except for the end residues, for which we observed a slower the
recovering of hydrogen bonding. Examples of hydrogen bond distance
time series are reported further in the section. Residues U10 and C19
form a non-canonical base pair (H3 of residue U10 is hydrogen bonded
to N3 of residue C19 80% of the time), in agreement with the shift ob-
served in U10 and C19 H5/6 resonances. The loop-closing residues
U12 and G17 are base paired 30% of the time. The high variability in
H-bond pattern observed in the simulated structures agrees with the
broadening of the imino signals observed at 25 °C by NMR [5,11].
Concerning the tetra-loop conformation, experimentally the data do
not lead to a single well-deﬁned conformation for the U13-G14-U15-
U16 tetra-loop, but a pool of conformations (see Fig. 2A and B), where
the residue U15 is ﬂipped out without a speciﬁc position (straight up,
in the minor or major groove), and G14 is stacked on U13. In the simu-
lation U15 is ﬂipped out toward the solvent (straight up or pointing
10 A. Juneja et al. / Biophysical Chemistry 218 (2016) 7–13toward themajor groove side) (Fig. 2C), G14 is most of the time stacked
on U13, while U16 is pointing to the solvent (indeed U16 could not be
detected in the NMR imino spectrum). We can distinguish two conﬁgu-
rations for the loop. In the ﬁrst conﬁguration the residues U15 and U16
are completely accessible to the solvent while in the second conﬁgura-
tion they point toward one of the RNA grooves and they are partially
buried.WhenU15 andU16 are pointing toward solvent, they have a sol-
vent accessible area ≥ 240 Å2 (Fig. 3). Using this value as a criterion to
distinguish the conformations, the probability for the loop to be in the
ﬂipped-out conformation is around 90%.
The unpaired residue U25 does not have a deﬁned position; it is ei-
ther located in the major groove or straight out toward the solvent
(Fig. 2C), in agreement with the absence of imino resonance in the
NMR spectrum.When U25 is in themajor groove, it has a solvent acces-
sible area around 220 Å2, while a value larger than 240 Å2 indicates that
the residue is pointing to the water (Fig. 3).
To evaluate the internal dynamics of the hairpin, we calculated the
generalized order parameters, S2, for the C1′-H1′ vectors of the sugar
and for the C5-H5/C8-H8vectors of pyrimidine/purine bases respective-
ly. S2 can adopt values between 0 and 1, with 1 signifying total rigidity
and 0 totally unrestricted motion of the C-H vector. The MD order pa-
rameters for sugar C1′-H1′ and the corresponding pyrimidine and pu-
rine C5-H5/C8-H8 values show the same trend along the nucleotide
sequence (Fig. 4). Base paired nucleotides have S2 N 0.8, while nucleo-
tides with S2 b 0.8 are only partially hydrogen bonded to their base
pair partner or they are unpaired, as the case of loop residues and
bulged residue U25. Larger standard deviations are observed for the
loop residues 13 to 16, the closing base G17 and the residues close to
the bulge U25.
In general, the calculated and experimental [5] order parameters for
the selected C-H vectors show a similar variation along the nucleotide
sequence (Fig. 4). The slightly lower values for theMDorder parameters
than for NMR is in line with the fact that NMR experiments were per-
formed at lower temperature than the simulations. An exception is
the value for the base G22, which is slightly more rigid in the simula-
tions than in the experiment (S2 values for C8 are 0.87 (MD) and 0.73
(NMR), unfortunately no experimental values are reported for C1′).
The lowest order parameters are observed for the loop residues U15-
U16 and the bulged residue U25. The agreement between the order pa-
rameters calculated from MD and the corresponding experimental
values allow us to go further and look at the motion underlining the
order parameters.
Loop residues can be found in two conﬁgurations (Fig. 2C): one
dominant conﬁguration where the residues U15 and U16 are(A) (B
Fig. 3. Solvent accessible area for loop residues U15-U16 and unpaired residueU25. Distribution
B. Picks on the right side represent conformations where the residue points to the solvent.completely accessible to the solvent and another conﬁguration where
the residues are partially buried, as discussed above. The probability to
be ﬂipped out toward the solvent is large for both the residues U15
(90%) and U16 (86%), which explains the low S2 values observed for
U15 and U16. When a residue does not have speciﬁc intra molecular in-
teractions (as when it points to the solvent), the ﬂuctuations of the base
and sugar C-H vectors are larger and its order parameter will be lower
than 0.6. The average S2 values for residues U15 and U16 are also char-
acterized by having a larger standard deviation. That is because the
order parameters vary from values between 0.2 and 0.6 for those time
windows where the residues are exposed to the solvent all the time,
to values higher than 0.6 when the residues are partially buried. Finally
we have checked if there was a correlation between the order parame-
ters of U15 and U16, the values are positively correlated with a correla-
tion coefﬁcient of 0.76.
Order parameters for the unpaired residue U25 also have low values
and larger standard deviations. The residue U25 does not have a deﬁned
position. It can be located in themajor groove or ﬂipped out toward the
solvent with comparable probability (Figs. 2C and 3). When U25 is lo-
cated in the major groove, its ﬂexibility is reduced compared to when
it points to the solvent. This results in C-H order parameters larger
than 0.6, while order parameter lower than 0.6 are observed for the
ﬂipped-out position. Fig. 5 reports the sugar and base S2 for U25 for
each 10-ns window as function of the average U25 solvent accessible
surface area for the corresponding 10-ns window. The ﬁgure shows
that the sugar and base S2 values vary from b0.2 to N0.8, depending
on the position of the U25 (and solvent accessibility). But the picture
is not quite so simple. Some points deviate from the general trend (ex-
amples are in the black ellipsoid). These points correspond to conﬁgura-
tionswhere even thoughU25 is pointing to the solvent (large accessible
area), a hydrogen bond is formed between the sugar hydroxyl group
and the O2 of the pyrimidine base; the presence of this H-bond reduces
the ﬂuctuation of both sugar and base CH vectors and results in a large
value for S2 (S2 N 0.6).
The nucleotides involved in hydrogen bonds with their base pair
partner have a value of S2MD higher than 0.8. To describe in detail the re-
lation between order parameters and base pair H-bonds, we use the ex-
ample of base pairs A6-U23 and C7-G22. Fig. 6 shows the hydrogen-
acceptor distance for theH-bond in themiddle of the base pair, together
with the values of the sugar and base C-H order parameters calculated
for 10-ns windows. When a fast excursion from the H-bonded state
(distance larger than 2.4 Å) and a breathing of the base pair occurs,
we observe a variation in both the base and sugar order parameters.
Order parameters decrease for the time window where the base pair)
of the solvent accessible area for U15 (black) andU16 (red) in panel A and for U25 in panel
(A) (B)
Fig. 4. Order parameters of C-H vectors. Order parameter S2 for sugar C1′-H1′, base C5-H5 and base C6-H6/C8-H8 vectors as a function of the nucleotide number for wild type (A) and
mutant (B) ASLs. The experimental values are shown in red open circle. Average values from MD simulations are shown in black circles along with standard deviation as error bars.
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base and is larger for the base than for the sugar. For example, when
the base pair A6-U23 opens between 40 and 50ns, the order parameters
for A6 and U23 change from N0.8 to ≤0.7 for both sugars and bases. In
the following 10 ns window, opening is observed for C7-G22, and in
this case the life-time of the open state is longer. Indeed we observed
a large variation in the order parameter of C7 from 0.9 to lower than
0.7 for sugar and to around 0.6 for base.
To check the convergence of the simulations for a speciﬁc properties,
it is good practice to performmultiple independent simulations (usually
starting from a different point in the space phase, different velocities
and/or different coordinates) to evaluate the property of interest.
Here, our main interest is the C-H fast dynamics. We have performed
extra simulations of 100 ns for each model, where we have ﬁrst re-
strained the base pair H-bonds for 2 ns and then perform unrestrained
simulation. The procedure allows to relax the starting structure in the
simulation environment and to eventually correct for distortionsFig. 5. Order parameters of C-H vectors for U25. Order parameter S2 for sugar C1′-H1′
(black) and base C5-H5 (red) vectors as a function of the solvent accessible area of
residue U25 for wild type (ﬁlled circle) and mutant (open circle) ASLs. Values calculated
for 10-ns window MD simulations. In the black ellipsoid outliers: conﬁgurations
characterized by large accessible area for U25 (pointing to the solvent) and large value
for S2 due to hydrogen bonding between the sugar and the base.introduced byNMR reﬁnement before starting the unrestrained simula-
tion. The obtained extra 200 ns simulations are used to validate the con-
vergency of the previously discussed 200 ns simulations (label here as
original simulations). The replica simulations show a similar hydrogen
bond pattern between the bases to the original simulation, with some
deviation for the A3-U27 base pair (that is hydrogen bonded 50% of
the simulation time). Concerning the dynamics, we have calculated
the order parameters S2 and compared with the values previously
discussed for the original simulations. The difference between the two
sets of order parameters (from original simulations and the replicas)
are in the range of 1% - 6% for all the residues except the residues 16–
17 and the unpaired residue U25, where larger difference where ob-
served for C1′ (up to 30%). All the values are characterized by large stan-
dard deviations (20%–50% of the value) (see Fig. S1). In general, the
differences between the order parameters calculated from original and
replica simulations are very tiny, usually inside the error for the corre-
sponding order parameter. This shows that the used time scale is appro-
priate to describe the C-H fast dynamics for the ASL loop.
3.2. Mutations in duck ASL
We selected base pairs 3–27 and 6–23 in the stem as targets for our
mutation studies. We mutated duck wild type ASL by substituting U-
A → C-G at base pair position 3–27 and A-U → C-G at position 6–23
(Fig. 1C). Using the DINAmelt program [30] (with the ‘Turner lab’ pa-
rameters for RNA) [31], we predicted the effect of the mutation on the
melting temperature of the duck ASL: the mutations increase the
hairpin's melting temperature by 10 °C compared to the wild type.
We simulated the mutated apical stem-loop under same conditions
as the duckwild type system. Fig. 2D shows 18 overlaid simulated struc-
tures of themutated 29-mer duckASL. As expected, themutant contains
the main feature of the wild type: two helices in the stem separated by
the bulged nucleotideU25 and capped by the tetra loop (U13-G14-U15-
U16), with C12-G17 as the closing base pair of the loop. Watson-Crick
base pairs are hydrogen bonded with their partner at least 90% of the
simulation time, which is higher than the wild-type (at least 80%).
Bases forming a wobble base pair are hydrogen bonded around 40% of
the time, residues U10 and C19 form a non-canonical base pair (H3 of
residue U10 is hydrogen bonded to N3 of residue C19 80% of the time)
and the loop-closing residues U12 and G17 are base paired 36% of the
time, in line with what we observed for the wild type.
The mutations have an effect on the global structure of the hairpin.
We looked at the bending between the upper and low part of stem to
evaluate this effect. The mutant has a more extended structure with a
Fig. 6. H-bond distance and C-H order parameters for base pair A6-U23 and C7-G22. Hydrogen-acceptor distance (N1:H3 for A6-U23 and N3:H1 for C7-G22) as function of time; order
parameter S2 for sugar C1′-H1′ (black) and base C5-H5/C8-H8 (red) vectors for each 10 ns window.
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while in wild type the angle is 20° ± 7°.
To compare the internal dynamics of the twoASLs, we calculated the
generalized order parameters (S2) for all the sugars and bases in themu-
tated system in the sameway as for the wild type. The calculated values
for sugar C1′-H1′ and the corresponding pyrimidine and purine C5-H5/
C8-H8 show the same trend along the nucleotide sequence. The C-H
order parameters, hydrogen bond occupancy between residues as well
as the nucleotide ﬂuctuations (data not shown) go hand in hand (Fig.
4B). The mutations increase the sugar and base order parameters for
all the nucleotides, except for the sugar and base of U5 (Fig. S2). For
U5 a small decrease in the average values (−0.05) is observed (but
the difference is inside the error). In general the ﬂuctuations of the
order parameters S2 are also reduced by the mutations for all the resi-
dues except the base pair U5-G24, the loop residues U15 and U16, and
the bulged residue U25. The S2 of residues neighboring the mutation
sites are more affected than the other residues. The sugar and base
order parameters of the base-paired residues, C4-G26, increase by
N0.1 unit due to the mutation of U3-A27 in C3-G27: sugar S2 is 0.65 in
wild type and 0.83 in the mutant for residue C4, and 0.73 and 0.84 for
its base-pair partner G26. The mutations not only inﬂuence the fast dy-
namics of the close-by residues but also the dynamics of the more far-
away loop residues. The order parameters of loop residues, G14, U15
and U16, increase upon mutations. In particular, the sugar S2 of U15 in-
creases from 0.49 (wild type) to 0.55 (mutant), the base S2 of G14 in-
creases from 0.53 to 0.65, and of U16 from 0.48 to 0.54.
The mutations induce a change in the conformation behavior of the
loop. The conformational equilibrium observed in the wild type be-
tween the completely ﬂipped-out position and the half buried position
for U15 andU16 (Fig. 2D) changes uponmutations. In themutated hair-
pin the probability to ﬁnd residues U15 and U16 pointing to the solvent
is reduced to 59% and 67%, respectively (inwild type it was 90% and 86%
respectively) (Fig. 3).When U16 is not ﬂipped to the solvent, it partially
buries residue G14 (that is stacked on U13 as in wild-type). That results
in a 10% reduction of the solvent accessible area of G14. The observed
changes in the loop conformational equilibrium agree well with the in-
crease in the order parameters of those residues and with the lack of
variation in the order parameter ﬂuctuation compared to wild type.
In themutant, U25 occupies similar positions as in thewild type, but
it shows a small preference to be closer to the major groove than to be
ﬂipped-out (Figs. 2D and 3). That results in less ﬂexibility for the nucle-
otide and in slightly higher S2 values (Figs. 4B and 5).3.3. Discussion and conclusions
We performed simulations of wild type and a mutant of the duck
ASL to understand the inﬂuence of the stem sequence on the fast dy-
namical features of the apical stem-loop. We mutated AU base pairs to
CG base pairs at positions 3–27 and 6–23 in the stem region. The muta-
tions do not alter the secondary structure of the hairpin, but increase its
stability. We estimated an increase of 10 °C in the melting temperature
of the RNA hairpin upon mutation.
Themutations induce rigidity in the hairpin's structure, in particular in
the stem regions. The residues in the stem are involved in hydrogen
bonds 90% of the time, while in thewild type 80% of the time. On average
the nucleotides order parameters increase. The large effects are observed
for residues neighboring themutation sites. Themutations not only affect
the ﬂexibility of the residues in stem region but also inﬂuence the loop
and bulge conformations. The mutations favor loop and bulge conforma-
tions where the residues are less accessible to the solvent. The residues in
those conformations are lessmobile, that results a higher order parameter
for both the sugar and base. Consequence of the increase rigidity of the
stem region and the change in the conformational equilibrium of loop
and bulge regions upon mutations is a change in bending of the hairpin:
a decrease in the bending between the upper and the lower helical of
the stem is observed when CG base pairs replace AU base pairs.
Usually RNA hairpin conformation and dynamics plays a key role in
the protein-RNA binding. Nassal and coworkers [12–13] showed using
in vitro translation and transcription that the loop residues and base-
pair opening in the stem region are key features for the binding of the
reverse transcriptase, P protein, to the epsilon in hepatitis B viruses. In
particular, mutation of the ALS loop residue U15 abrogates the binding
between epsilon and the protein, and consensus-based secondary struc-
ture mutations in the stem indicate a weakness of the protein binding
with the stabilization of the stem (full Watson-Crick pairing). Further,
an in vivo infection study on duck HBV mutations by Schmid and co-
workers [32] suggest that the nucleotides in the stem of the apical
stem-loop are not involved in crucial interactions with the P protein,
but the protein interacts with RNA via speciﬁc interactions between
the loop (residues U13 to U16 in Fig. 1A and B) and the bulge of epsilon
at the end of the hairpin stem (central bulge in Fig. 1A). That might indi-
cate that the loop residues' accessibility and position are of fundamental
importance to achieve an active binding between protein and epsilon in
hepatitis B viruses (only a correct spatial position of the loop and the
bulge of epsilon can guarantee protein binding).
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bilization of the stem in themutated system induces a reduction in hair-
pin bending and a shift toward conformations where the loop residues,
U15 and U16, are partially buried in the RNA hairpin. Assuming that the
mutation effects (observed in the isolated apical stem-loop) are pre-
served in epsilon, and that stabilizingmutations in the stemhave similar
effect on the hairpin structural and dynamical feature, we hypothesize
that the experimentally observed inhibition of the binding, (when stabi-
lizingmutations are applied) is due the change in the structural and dy-
namical feature of the hairpin upon mutation, viz. less mobility (high
order parameters), less accessibility to solvent (and maybe less favor-
able position) of the loop residues. It would be interesting to verify ex-
perimentally that those A-U→ C-G mutations of the apical stem of the
duck HBV encapsidation epsilon signal inhibit reverse transcriptase
binding.
Finally, the stem sequence of the mutant is identical to the stem of
the ASL of human hepatitis B-virus (Fig. 1D) [9,14] (up to base pair in
position 9). By comparing the duck, themutant and the humanASL sim-
ulation (simulation data for human ALS from Juneja et al. [27] was pre-
viously validated against NMR relaxation experiment [14])we observed
similarity in structural and dynamical features for stem residues of the
mutated duck apical-stem loop and human wild type apical stem loop.
An example is the hairpin bending angle, which on average is 14.5°,
20.0°, and 14.3° for the duck mutated structure the duck wild type of
and the human wild type (simulation data from Juneja et al. [27]), re-
spectively. Another example is the local dynamics: the sugar and base
C-H order parameters for stem residues of the mutated duck ASL are
similar to the order parameters of the corresponding nucleotides of
human wild-type ASL [27] (see Fig. S3). This indicates that these fea-
tures of the stem fragment are independent from the type of loop cap-
ping the stem, supporting a fragment approach to study dynamics of
RNA stem, while the dynamic of the loop can not be decoupled from
the stem propriety (as discuss above).
In summary, we use hundreds of nanoseconds of MD simulation to
characterize the ﬂexibility and the fast dynamics of an RNA hairpin,
the apical stem-loop of the duck hepatitis B-virus signal epsilon. We
have simulated both thewild-type and amutant, characterized by com-
pensatory A-U→ C-Gmutations in the stem region.We show that these
base changes in stem affect the conformational ﬂexibility of the RNA
hairpin: H-bond probability for the base-paired residues in the stem in-
creases, base and sugar local ﬂuctuations of the stem residues decreases.
The change in the dynamicsal behavior of the stem residues is reﬂected
also in the conformational change of the loop and bulge region toward
conﬁgurations where the residues are less mobile and less accessible
to the solvent (and then also to targeting protein). The work shows
that mutations, which do not affect secondary structure, in the stem re-
gion can affect conformational ﬂexibility of both the stem and loop re-
gion of the RNA hairpin.
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